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1. INTRODUCTION 
 
The practical strength of glass with a value of about 100 MPa is approximately 
100 times smaller than its theoretical ones [1]. This is due to micro flaws on the 
glass surface, which amount up to 50.000 on one cm2 [2]. During the handling of 
glass externals stresses are amplified by these flaws, like clefts, pores or inclu-
sions [3]. The degree of amplification depends on the geometry of the crack tip, 
which can be strongly influenced by chemical interactions with the surroundings. 
Depending on the intensity of these external influences, a rather slow crack 
propagation is observed under subcritical load (static fatigue). However, when 
the applied tensile stress exceeds a critical value (Kic-factor) the crack grows 
spontaneously with almost the speed of sound [4,5], leading essentially to the 
breaking of the glass.  
 
 
2. INCREASING THE STRENGTH OF GLASS 
 
Several different strategies are described in the literature to increase the strength 
of glasses. A first way is the healing of the damaged surface by mechanical or 
fire polishing. The surface polishing with strong acids, like HF or a HF – H2SO4 
mixture, is also described [6]. A second way is to generate compressive stresses 
in the glass surface, which have to be overcome by tensile stresses before a re-
sulting tensile load leads to a spontaneous crack growth. This can be obtained by 
tempering the glass above Tg followed by a quick cooling of the surface with 
cold air. This procedure, often used for automotive and architectural glazing, is 
limited to panes thicker than 3 mm [6]. Another way to generate compressive 
stress is achieved by ion exchange. For this the glass is dipped in a melted salt, 
for example KCl, to exchange Na+ from the soda lime glass against K+ ions. As 
the radius of the K+ ions is 30 % bigger than the radius of Na+ ions, a compres-
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sive stress is therefore obtained in a 60 – 150 µm thick surface layer after cooling 
down the glass from the ion-exchange temperature (below Tg) down to room 
temperature [7]. This process requires a long time (up to 24 h) processing, is of 
high cost and is also limited to glasses at least 2 to 3 mm thick. Therefore, glass 
strengthening by ion exchange is limited to special glass application like watch 
glasses or glass moulds for plastic eye glass fabrication. 
An alternative way to increase the strength of glass is to coat this surface with 
sol-gel derived glass-like layers. Uhlmann and Fabes predicted a model flaw 
filling by SiO2 sol-gel coatings on silica glass and Schmidt could show, that the 
strength of soda-lime glass could be increased up to a factor of 4 by depositing 
different multiple glass-like coatings. A detailed review of the state-of-the-art for 
the healing of micro cracks by chemical treatments and coatings is given in [11].  
Recently, a new coating approach has been proposed, which combines two 
different strength increasing effects. First a coating derived from an TEOS (tet-
raethoxysilane) sol is deposited to get a thickness of about 100 nm after thermal 
densification at 500 °C. Investigations of the glass strength with the double ring 
bending test (DIN 52 292) [12] and an evaluation by the Weibull statistics [13] 
showed that it is possible to fill at least partially the flaws and to enhance the 
strength [11]. If the sol reaches the crack tips it can cause an increase of bending 
strength by rounding the crack tips. A comparison between uncoated and a 
TEOS coated glass shows a nearly parallel shift of the Weibull plot to higher 
strength values. From these results it could be concluded, that not only smaller 
cracks but also larger defects are influenced by the silica coating. Due to the 
increase of the strength, a blunting of the crack tips can be assumed. According 
to the strategy to generate compressive stresses inside a region near the surface 
of the glasses, which have to be exceeded by external tensile stresses before a 
resulting tensile load can attack the crack trip, a second nanoparticulate methyl-
modified SiO2 coating (MTKS) [14,15] was used to increase the bending 
strength. The tetraethoxysilane, methyltriethoxysilane and silica nanoparticles 
had a thickness of about 2 µm after thermal densification at 500°C. Figure 1 
shows the evaluation of the double ring bending tests for the different coating 
types and the combination of a thin and a thick SiO2 layer. 
Detailed investigations [11] showed that the MTKS sol is able to cover the 
cracks completely but cannot reach the bottom of the cracks because of its high 
viscosity and sol structure. Therefore, the strength of the coated glass is caused 
by the strength of the MTKS coating, which does not close the crack but clamps 
them. A TEOS coating applied underneath has no influence on this because the 
increased bending strength, caused by the MTKS clamp, is larger than the in-
crease of strength by the silica (TEOS) coating. This means that by applying a 
load which breaks the MTKS clamp, the TEOS coating should fail as well with 
an immediate crack spreading. This hypothesis explains why an increase of the 
coating thickness cannot result in a further increase of the bending strength, 
because the strength of the MTKS coating is independent from the thickness 
above a definite level. 
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Figure 1. Weibull plot of coated and uncoated glass. 
 uncoated: σ0 =125 MPa, (106-147 MPa), m = 2,2 (1,6 – 2,7) 
z SiO2 (TEOS), 100 nm): σ0 = 155 MPa, (148-163 MPa), m = 7,4 (5,5 – 9,0) 
S SiO2 (MTKS, 2 µm): σ0 = 249 MPa, (218 - 284 MPa), m = 2,7 (2,0 – 3,3) 
T SiO2 double coated (TEOS + MTKS): σ0 = 245 MPa, (236 - 254 MPa),  
 m = 10 (7,6 – 12) 
 
Further, the smaller Weibull modulus of the MTKS coating in relation to that 
obtained for a damaged uncoated glass can be understood by assuming that the 
clamping effect is smaller for a very large damage than for a smaller one because 
the probability of a defect rises with the dimension of the clamp. Figure 2 shows 
the function of each of the two sols and the combination of them. 
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Figure 2. Functions of the developed coatings. 
 
As can be seen in the figure, the TEOS coating is able to fill the tips of the cracks 
and to round them. The MTKS cannot reach the bottom of the crack but covers it 
and clamps it. The combination of both leads to a maximum increase of the 
strength. This combination of a TEOS / MTKS coating leads to an increase of 
the bending strength of glass by a factor 2.  
 
Sol-gel technologies for glass producers and users 
 
240 
3. PRESERVING THE STRENGTH OF GLASS 
 
Such inorganic glass-like coatings are however not suitable for the protection of 
the glass surface against mechanical loads [11]. The strength increasing effect of 
different SiO2 coatings on float glass, as discussed above, can be completely 
eliminated by a sand trickling test [16]. Therefore defects generated in the coat-
ings can easily propagate as micro flaws into the glass substrate, since there is a 
perfect chemical bonding of the coating with the substrate and both have similar 
elastic moduli. Several strength preserving coatings based on organic polymers 
have been developed, but they all lead to problems at the recycling process be-
cause of their high amount of carbon. Another general approach is to protect the 
glass surface from damage by hard ceramic (Al2O3, ZrO2) coatings [17]. Such 
coatings provide efficient protection of the glass surfaces for only rather small 
indenter loads, as the coatings are usually very thin (<< 1 µm) but break under 
high indenter loads like "thin ice on water". A detailed review of the state-of-the-
art for strength preserving coatings is given in [18].  
Recently, an elastic organic-inorganic strength preserving coating was devel-
oped to protect reliably bottles against the mechanical loads of a filling line [19]. 
Figure 3 shows the difference in the function of a hard strength increasing glass-
like coating and an elastic strength preserving coating.  
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Figure 3. Glass coated with different layers under mechanical loads. 
 
The glass surface (left) is damaged by different abrasive and indenter loads, 
which automatically lead to a strong decrease in bending strength. In the case of 
glasses coated with a strength increasing glass-like layer (middle), the coating is 
damaged by different mechanical attacks as well and the generated defects 
propagate into the glass substrate. In the case of an organic-inorganic, strength 
preserving coating (right) the propagation of cracks into the glass surface is pro-
hibited due to insufficient covalent chemical bonding to the glass and a much 
smaller elastic modulus. The developed coating preserves fully the surface of 
float glass against the damage caused by 500 g sand in a sand falling test and 
bottles against a 2 minutes wet line simulation [18,19]. As the coatings are only 
7 µm thick and have a low carbon content, the recycling of such coated bottles 
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do not cause any technical problems. The coating can be applied by several 
methods, like dip- or spray coating on cold and warm (80 °C) glass bottles. 
 
 
4. CONCLUSION 
 
Sol-gel glass-like coatings can effectively increase the strength of glass sub-
strates. This was demonstrated by a 2 layer combination, the first one made from 
a TEOS sol being able to fill the tips of the cracks and to round them, the second 
one made from a MTKS sol covering and clamping the cracks. These coatings 
can be however damaged by mechanical loadings so that the benefits are easily 
lost. Sol-gel elastic organic-inorganic strength preserving coatings have been 
developed for float glass substrates withstanding a 500 g sand falling test and 
two minutes wet line bottles filling equipment.  
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